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ABSTRACT In order to improve the harmonic compensation performance of active power filter (APF)
in distribution network, based on deadbeat control theory, the command current prediction algorithm and
current tracking control strategy are optimized in this article. Firstly, the command current repetitive
prediction in abc coordinate system is transferred to dq for improving its accuracy in lead compensation,
and the equivalent for fractional delay beat is achieved by Lagrange Interpolation Polynomial to solve
the problem of inaccurate prediction caused by grid frequency fluctuation. Then, considering the inherent
half-sampling-period delay of sinusoidal PWM (SPWM), an improved deadbeat control strategy for current
tracking is proposed by estimating the output current of next sampling period. Because the output current in
next sampling period is replaced by that in current sampling period with traditional deadbeat control strategy,
this estimation could make up for the defect of low control precision caused by that replacement. After that,
adding error repetitive correction into the improved deadbeat control channel to reduce the periodic tracking
error of output current. Finally, the stability and accuracy of the improved control system are analyzed
theoretically, and its feasibility and effectiveness are verified by the simulation and hardware-in-the-loop
(HIL) experiments.

INDEX TERMS Deadbeat control, frequency fluctuation, harmonic compensation, Lagrange interpolation

polynomial, error repetitive correction.

I. INTRODUCTION
With an increasing of nonlinear loads and power electronic
converters in the grid, power quality problem has become a
vital issue in the current research on intelligent distribution
network [1], [2]. As the one of power quality regulators, APF
can not only realize the harmonic current suppression but also
complete the real time adjustment of reactive power [3], [4].

Numerous researches have shown that the harmonic com-
pensation effectiveness of APF mainly depends on the control
performance of the inner current loop [5], [6]. Many current
control strategies for the APF have been proposed [7].

Due to the simple control structure and fast response, hys-
teresis current controller is widely applied to derive switching
signals by comparing a fixed hysteresis band with the current
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tracking error in harmonic compensation [8], [9]. However
a varying modulation frequency is inducted into APF, which
results in the difficulty in designing the output filters for sup-
pression of unwanted resonance. PI controller is used in mul-
tiple synchronous rotation coordinate systems by using PLL,
so that the specific harmonic components of load current can
be converted into DC variables in control process. There-
fore, the DC variables can be tracked without static error
by PI controller [10], [11]. Nevertheless, the flexibility of PI
control is unsatisfactory, and it is limited to apply in some
load with the special harmonics. Based on internal model
principle, repetitive control can track periodic signal without
static error, which could make the system have a satisfactory
steady-state tracking performance [12], [13], [14]. Because
the high gain at the integral multiple harmonic frequencies
is obtained by time delay, a poor dynamic-state response
becomes an inevitable defect.
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As a digital control method with high efficiency, deadbeat
control is widely applied in the current inner loop of APF
because of its clear mathematical characterization, high track-
ing accuracy and rapid dynamic response [15], [16].

Currently, the researches for deadbeat control mainly focus
on the optimization of command current prediction algorithm
and command current tracking control strategy. Regarding
the command current prediction, an extrapolation prediction
algorithm is adopted, which directly takes the command
current in the current sampling period as the prediction
value [17]. Although the calculation speed is fast without
real prediction, the extrapolation prediction could cause the
increase of prediction error and decrease of dynamic control
accuracy, especially when the load fluctuates frequently. The
corresponding command in previous power grid cycle is used
as the prediction result, it is concise in algorithm structure
and good in static accuracy [18]. However, the dynamic pre-
diction effect is poor because of the one-power-cycle predic-
tion delay. Repetitive control is introduced to the calculation
for command current prediction [19], [20]. This prediction
method can obtain the good static and dynamic accuracy, but
the prediction value is to be corrected only once in one power
cycle. Moreover, the influence of grid frequency fluctuation
on the prediction accuracy is not considered in this algorithm.

For the studies of command current tracking control strat-
egy, reference [21] introduces an average coefficient in the
control channel at the cost of sacrificing the current track-
ing accuracy, so as to ensure the stability and dynamic
performance of the APF control system. Reference [22]
proposes a current tracking error elimination method, when
the command current changes significantly, a compensation
value is added in the output voltage command to offset the
tracking error. However, the number of offsetting beats is
limited and the control algorithm is relatively complex. Ref-
erences [23], [24] propose a deadbeat control strategy without
tracking error, which make the closed-loop transfer function
of the current inner loop to 1. But this method supposes
that the output voltage is absolutely equal to the command
voltage, which declines control accuracy obviously. In [25],
in order to enhance the steady-state harmonic compensation
performance, repetitive control is connected in series to dead-
beat control channel, but the delay of repetitive control also
reduces the dynamic response speed. In [26], [27], repetitive
control is paralleled to the deadbeat control channel, this way
could raise the dynamic response speed of APF. However,
the inherent delay of SPWM is not considered in the control
system, resulting in a deviation between the theoretical model
and the actual situation.

Regarding problems above, deadbeat control in current
inner loop of APF is taken as the research object in this
article. On the one hand, in order to improve the prediction
accuracy of command current, an optimized command cur-
rent prediction algorithm is proposed in Section III, which
realizes the quick correction of current prediction value and
improves the anti-interference ability of grid frequency fluc-
tuation. On the other hand, in Section 1V, for the problem of
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current tracking control accuracy in traditional deadbeat con-
trol strategy, the output current of APF in the next sampling
period is estimated, which is based on the half-sampling-
period delay caused by SPWM. Furthermore, the error repet-
itive correction is added into the improved deadbeat channel.
In Section V, effectiveness of the proposed method is verified
by simulation and experiment. The rest of this article is
arranged as follows: Section II analyzes the APF equivalent
model and principle of deadbeat control, Section VI exhibits
the conclusion in the end.

Il. EQUIVALENT MODEL OF THREE-PHASE APF AND
DEADBEAT CONTROL PRINCIPLE

A. EQUIVALENT MATHEMATICAL MODEL OF THREE-
PHASE APF

To avoid harmonic pollution in grid-side current, APF derives
corresponding current to eliminate the harmonic components
of load [28]. Three-phase APF topology and the overall con-
trol structure are shown in Fig. 1, where i is grid voltage, u,
is the output voltage and i, is the output current of APF, i is
grid-side current and it is the nonlinear load current.
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FIGURE 1. Three-phase APF topology and overall control structure.

Ignoring the parasitic resistance of inductor, with the refer-
ence direction of each variable in Fig. 1, the APF equivalent
mathematical model in time domain described by differential
equation is:

di
uox=usx+Lc%x=a,b,c (1

By discretizing (1), (2) can be gotten:

T
lex(k + 1) = icx (k) + iR [tox (k) — usx (k)] @)

where T is sampling period of the controller (for simplicity,
the subscript x will be omitted in the following analysis).

B. PRINCIPLE OF DEADBEAT CONTROL STRATEGY
Ideally, if the command current can be tracked in a sampling
period, the expected harmonic compensation performance
can be sustained, namely:

ic(k + 1) = iZ (k) 3
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Introducing (3) into (2), the corresponding command volt-
age (modulation signal) u;(k) will be expressed as (4).

50 = 2 [100) — k)] + (k) @
N

Operation time of u}(k) is the current sampling period:

In order to avoid multiple intersection between modulation
signal and carrier signal in a sampling period, and considering
the time consumed for sampling and calculation during dig-
ital control process, the modulation signal is usually delayed
to be loaded in the next sampling period. That is to say, uj (k)
will be loaded at the moment of (k + 1)T5. Therefore, the
tracking target of output current i.(k+2) sampled at (k 4-2)T
is i (k), which is corresponding to sampling current at k7.
The command voltage loaded at (k + 1)7y is obtained by (5).

G+ D= [0 0] pu® )
N
The operation time of u(k+1) is the next sampling period:
(k + DT — (k + 2)T.

It can be inferred from (5) that the actual output current
of APF will lag behind the corresponding command current
for two sampling periods. Therefore, in traditional deadbeat
control strategy, command current should be predicted two
sampling periods in advance (i (k+2) should be predicted in
kTs — (k + 1)T). The purpose of this prediction is to ensure
that tracked target of the output current in current period is the
command current in the same period. The practical command
voltage loaded at (k + 1)7 will be calculated from (6).

witk +1) = % [k 4+ 2) — ic(k)] + us(k) (6)
N
Based on the discussion above, time sequence of traditional
deadbeat control is shown in Fig. 2.
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kT (k)T (k+2)T (k+3)T

FIGURE 2. Time sequence of traditional deadbeat control.

C. OVERALL CONTROL STRUCTURE

In Fig. 1, the overall control structure for APF is composed
of harmonic current extraction, command current prediction,
deadbeat control strategy in current inner loop and DC side
voltage controller. In command current prediction section,
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the command current i} (k4-2) is predicted by using harmonic
current if(k) of load in the current sampling period. The
command output voltage u (k) is calculated by deadbeat con-
trol strategy, and switching signals are generated by SPWM
section. PI controller could stabilize the DC side voltage,
it outputs the control current iap(k), which is added to the
harmonic current extraction section.

Ill. OPTIMIZATION OF COMMAND CURRENT REPETITIVE

PREDICTION

A. LIMITATIONS OF TRADITIONAL COMMAND CURRENT

REPETITIVE PREDICTION ALGORITHM

When nonlinear load is under steady state, harmonic cur-
rent i} (k), predicted current i}(k+2) and the error between
i¥(k+2) and the actual harmonic current at (k + 2)7s will be
periodic. Therefore, repetitive control can be adopted to elim-
inate this error. The structure of harmonic current extraction
and command current repetitive prediction algorithm in abc
coordinate system can be seen in Fig. 3 [29], [19].
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FIGURE 3. Structure of harmonic current extraction and command current
repetitive prediction in abc coordinate system.

Repetitive prediction is composed of error accumulation
and lead compensation. Prediction error e(k) is sent into
error accumulation, after the lead compensation, a correction
component H is calculated and added to the harmonic current
i¥ (k) two sampling periods in advance to make the prediction
result 7% (k + 2) close to the actual value.

For the traditional command current repetitive prediction
applied in APF, the error accumulation period is the lowest
common multiple of each harmonic component’s period of
load current. That is to say, the error accumulation period is
the lowest common multiple of 1/(m x 50) (m is the order
of harmonic component in load current). According to this
principle, the error accumulation period in abc coordinate
system is one power grid cycle (20ms), which indicates that
i¥(k +2) is corrected by H after 20ms. Therefore, in Fig. 3, N
is the number of sampling points in one error accumulation
period, in other words, N is the quotient of error accumulation
period divided by 7. In addition, Q and k; are constant gain
less than 1 to ensure the stability of prediction.

After analysis above, conclusions can be obtained as fol-
lowing. On the one hand, the prediction value is corrected
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only once in one power grid cycle, which causes the predic-
tion deviation to a certain extent. On the other hand, because
N is determined under the assumption that the grid frequency
is 50 Hz, prediction accuracy will decline as soon as grid
frequency deviates from 50 Hz. Therefore, N needs to be
adjusted in real time to track grid frequency fluctuation.

B. FAST REPETITIVE PREDICTION ALGORITHM OF
COMMAND CURRENT AGAINST GRID FREQUENCY
FLUCTUATION

As Fig. 3, a harmonic current extraction based on abc/dq
transformation is applied. For three-phase three-wire sys-
tem, there is not 3 and its integral multiples order harmonic
current. In addition, even-order harmonics are not consid-
ered in such system. For the above-mentioned reasons, the
order of harmonic components of nonlinear load is 6k=+1
(k=1,23....)[30].

According to [31], for the n-order positive sequence cur-
rent, after abc/dq transformation, the order of components
on d and q axes will become (n-1). In the same way, for the
n-order negative sequence current, after the transformation,
the order of components on d and q axes will become (n+ 1).

From the analysis above, in three-phase three-wire system,
n-order(n € 6k=+1) harmonic component will be converted
to even-order after abc/dq transformation. The frequency cor-
respondence between abc and dq coordinate system is shown
in Table 1.

TABLE 1. Frequency correspondence between abc and dq coordinate
system.

Frequency of abc

Frequency of abc

Freql(lsﬁic;)() fdq positive sequence negative sequence
(order) (order)

O0Hz 50Hz(1 order) -
100Hz(2 order) - 50Hz(1 order)
200Hz(4 order) 250Hz(5 order) -
300Hz(6 order) 350Hz(7 order) 250Hz(5 order)
400Hz(8 order) - 350Hz(7 order)
500Hz(10 order) 550Hz(11 order) -

600Hz(12 order) 650Hz(13 order) 550Hz(11 order)
700Hz(14 order) - 650Hz(13 order)

Therefore, the error accumulation period will be reduced
to half if repetitive prediction is transferred to dq coordi-
nate system. Meanwhile, N will be reduced to N/2, so that
the prediction value could be corrected twice in one power
grid cycle, which makes the proposed prediction algorithm
achieve higher prediction accuracy than the traditional one.
That is to say, the correction speed for prediction value
becomes faster. The structure of the proposed fast repetitive
prediction algorithm is shown as Fig. 4.

In addition, when grid frequency fluctuates, N/2 may not
be an integer, given:

Ny ! (’X N £>_N Ne (D)
2”[2_2}+ 2_[2_2} =M
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FIGURE 4. Structure of harmonic current extraction and the proposed fast
repetitive prediction.

where N is the integer closest to (N/2 — [/2), and [ is the
approximate order of the fractional part Ng [32].

The fractional part Ng can be expressed approximatively
by Lagrange interpolation polynomial:

I
MR e ®)
n=0

where f (n) is coefficient for the equivalent integral delay beat
z~", which can be seen in (9) [33].

l

Ne —
f= ] -2 ©

n—m
n=0,n#n

For example, when [ is set to 2, the coefficients are as
follows:

fO=Wr—1)WNg—2)/2
f()=—Nr(Nr—2) (10)
fQ=NeNg—1) /2

After the decomposition and equivalence for N/2, when
grid frequency fluctuates, the integral delay beat number Ny
could be adjusted adaptively, and the fractional delay beat
number Ng could be converted to integer. Therefore, the
proposed prediction algorithm will adapt to grid frequency
fluctuation. The structure of the fast command current repet-
itive prediction algorithm against grid frequency fluctuation
is shown in Fig. 5.

The Equivalent 4m
Fractional Delay Beat |

Lead Compensation

igq-(k+2)

FIGURE 5. Structure of the fast repetitive prediction algorithm against
frequency fluctuation in dq coordinate system.
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FIGURE 6. Block diagram of traditional deadbeat control in current inner
loop of APF.

IV. IMPROVEMENT OF DEADBEAT CONTROL STRATEGY
FOR CURRENT TRACKING

A. LIMITATIONS OF TRADITIONAL DEADBEAT CONTROL
STRATEGY

According to section II, the command voltage of traditional
deadbeat can be calculated by (6).

However, the corresponding control system is not stable,
for the purpose of stabilizing the system and obtaining a mar-
gin, a gain less than 1 is usually introduced into the control
channel, which is generally set to 1/2 [21], [23]. Therefore,
in practical application for traditional deadbeat control strat-
egy, the command voltage can be obtained by (11), and the
corresponding control block diagram is shown in Fig. 6.

witk +1) = 2L—7°, [i5k +2) —ic()] + usk) (A1)

where Gp(z) is discrete transfer function of the controlled
object (L).

T

Gp(2) = G-

(12)
By calculating (2) backward for one sampling period, (13)
could be obtained:

itk +2)=i.(k+ 1)+ I? [uo(k + 1) — ug(k 4+ 1)] (13)

(14) will be gotten if introduce ic(k + 2) = ik + 2)
into (13).

s

ik +2) =itk +1)+ Z— [k + 1) — us(k + D] (14)

In current sampling period kT — (k + 1)T, if the actual
output current ic(k+1) can be estimated, the output voltage
command u}(k+1) operating in next sampling period (k +
1)Ts — (k + 2)Ts will be calculated through (14). Under this
condition, ic(k 42) can track i} (k 42) through u (k+1), and
the tracking performance depends on the estimation accuracy
of ic(k + 1).

In traditional deadbeat control strategy, from the compari-
son of (11) and (14), it can be known t2hat i.(k + 1) do not be
predicted at (k + 1)T5, but is replaced by the output current
sampled at kT (i.(k)). Moreover, the introduction of the gain
of 1/2 reduces tracking capability further. To deal with this
problem, an improved deadbeat control strategy is proposed
in this article, which estimates the output current at (k + 1)7
in current sampling period kT — (k 4+ 1)T, so as to strengthen
the harmonic compensation performance of APF.
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B. THE IMPROVED DEADBEAT CONTROL STRATEGY
By calculating (2) forward for one sampling period, (15) will
be derived:

ie(k) = ic(k — 1) + % [uo(k — 1) —us(k — 1]~ (15)

Based on (2) and (15), ic(k + 1) sampled at the moment of
(k 4+ 1)T can be expressed as (16)

ick +1) =2ic(k) —ic(k—1)+ ? [uo(k)
ok — 1) —us() + sk — 1] (16)

In SPWM, on account of a modulation delay of half sam-
pling period from the loading of modulation signal (command
voltage) to the output of corresponding switching signals, half
a period will be taken for the conversion of command voltage
u (k) to actual voltage uoy (k) [34], [35].

The modulation process of SPWM can be represented by
zero order holder (ZOH), the transfer function of ZOH is
described as (17).

1
ZOH(z) =7 %5 ~ E(Z_l +1) (17)

Then the actual output voltage of APF at (k — 1)T§ and kT
can be approximately estimated as (18) and (19).

fio(k) ~ % [uik) + uly(k — D] (18)
ok — 1) ~ % [ufk — 1)+ ul(k — 2)] (19)

The estimated value of output current ;c(k+1) at (k + DT
can be calculated by introducing (18), (19) into (17), which
is shown in (20).

ik + 1) = 2ic(k) — ic(k — 1) + % [0 (k)

C

— ito(k — 1) — us(k) + us(k — )] (20)

Based on the deduction above, the improved calculation
formula for command voltage could be obtained by introduc-
ing the estimation expression (20) into (15):

up(k+1)
Le . . .
=7 [i*(k +2) — Qic(k) — ic(k — 1))]
—[%(uz(k)—uﬁ(k = 2) tustk — 1)—us(k) — us(k+1)i|

21

Fig. 7. shows the block diagram of the improved deadbeat
control in discrete domain.

From Fig. 6, closed-loop transfer function of traditional
deadbeat control can be expressed as (22).

2z +1)
483 =42 +z+ 1

Closed-loop transfer function of the improved deadbeat
control can be obtained from Fig. 7, as (23).

2(z+ 1)
272 —z+1

GeonDBC(2) = (22)

GimpDBC(Z) = (23)
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FIGURE 7. Block diagram of the improved deadbeat control strategy
incurrent inner loop.

According to (22) and (23), the zero-pole distribution of
GeonpBC(2) and Gimpppc(2) is shown in Fig. 8.
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FIGURE 8. Zero-pole distribution of Gonppc(z) and Gimppac(2)-

It can be inferred from Fig. 8 that all of the poles of the
improved control system are contained by the unit circle,
which proves that the improved control system is stable.
Take this as the premise, the Bode diagram of G.onppc(2),
GimppBC(2) can be obtained as shown in Fig. 9.

25 .
(2522Hz,2.15)
20 (4525Hz,1.79) = Geanpic(?) | A
:.:;1.5* = Gimppnc(2) ]
< 1 (620Hz,1.05) .
E‘ (1250Hz,1.05)
Eosp |
0 L L Lol
180 T -
90+ |
) (3150Hz,-10°)
2 X (8378Hz, |
eh +- . ~ o
Z (1700Hz,-10°) 100.9°)
90 ) Y |
(4569Hz,-109.8°)
-180L— | ) |
10° 10° 10 10°

Frequency (Hz)

FIGURE 9. Bode diagram of G (z) and G; pbBc(2)-

From the upper part of Fig. 9, when frequency is 620Hz,
a gain exceeding 1 (1.05) which corresponds to the overcom-
pensation phenomenon could be found in the output current
using traditional deadbeat control strategy. Under the same
conditions, the corresponding frequency of the improved
deadbeat control could be extended to 1250Hz. In the down
part of Fig. 9, with traditional deadbeat control, a phase

VOLUME 9, 2021

lag of 10° in the output current could be observed at fre-
quency of 1700Hz, while the corresponding frequency of
the improved control could increase to 3150Hz under the
same condition. Therefore, the harmonic compensation per-
formance of the improved deadbeat control system is better
than the traditional one within the range of 0-1250Hz, in other
words, the effective controlled frequency band of the control
system is enlarged.

C. ERROR REPETITIVE CORRECTION BASED ON THE
IMPROVED DEADBEAT CONTROL STRATEGY

Considering that the current tracking error i(k) — i*(k)
changes periodically in steady state, the tracking error in the
previous power grid cycle can be set as a correction value to
add into the control channel of the improved control system
in current power grid cycle. In this way, an error repetitive
correction based on the improved deadbeat control strategy
is formulated, which can reduce the periodic current tracking
error to a certain extent. The control structure diagram can be
seen in Fig. 10.

In Fig. 10, E(z) is the current tracking error, krc is a gain
of the error repetitive correction section, and M is the number
of delay beats for one power grid cycle (M = power grid
cycle /T). Gr—g(z) is defined as the transfer function from
command signal R(z) to tracking error signal E(z), then E(z)
can be described by (24).

E(2) = GrR-E(2)R(2)
1 + H@)Gp(2)Ge(2) — 22Gp(2)Ge(2)

= R(2) (24)
1 4+ H(2)Gp(2)Ge(2) + Gp(2)Ge(2)Gre ()

The characteristic equation of Gr_g(7) is:
1 4+ H(2)Gp(2)Ge(2) + Gp(2)Ge(2)Gre(z) =0 (25)

It has been proved above that the control system without
error repetitive correction is stable. Therefore, the sufficient
and necessary condition for system stability is that all the
eigenvalues are in unit circle. Specific characteristic equation
of Gr_g(z) can be gotten by introducing Gp(z), G¢(2), H(z),
and Grc(z) into (25), as (26).

[kRCZiN(Z +1)+22 -2+ z] z=0 (26)

This is an equation about z, where one of the solutions
is z = 0, then the remaining solutions could be described
by (27).

krez N+ 1D 4+223 -2 +2=0 27

From the deformation of (27), z is expressed as (28).

N1 Dk
= SGaror VO 9

If |T(2)krc| < 1, there must be |z] < 1, thus a sufficient
condition for system stability is |7 (2)kgrc| < 1.

In order to find the maximum of |7 (z)| which can ensure
absolute stability of the control system, the Nyquist diagram
of T'(z) is drawn in Fig. 11.
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FIGURE 10. Block diagram of the improved deadbeat control combined with the error repetitive correction in current inner
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FIGURE 11. Nyquist curve of T(z).

The maximum amplitude of T'(z) is about 1.78 (5.03dB)
at the frequency of 4530Hz, thus the sufficient condition for
system stability is:

1.78krc< 1 (29)

Consequently, the reasonable range of krc is [0, 0.56).

GRr—_g(2) reflects the control system’s tracking performance
for the command current. The amplitude-frequency charac-
teristic curves of Gr_g(z) are drawn in Fig. 12, when kgrc
is 0, 0.15, 0.3 and 0.45 respectively.

0.07

—_— k=0
006 | === kgc=0.15
= hkrc=030 (822H12,0.04)
2" = (850Hz.
) = kpc=045 S
g 0.041
E
=
> 0.031
<
0.021
0.011 ]
' i — : I
10? 200 300 400 500 600 700 800 900 10°

Frequency (Hz)

FIGURE 12. Amplitude-frequency characteristic curve of Gg_g(z) with
different values of kpc.

From Fig. 12, when krc # O, the obvious “depressions”
can be seen in the amplitude frequency characteristics of
GRr-g(2) at the fundamental and its integral multiple fre-
quency, that is, the steady-state tracking error E(z) of the
control system is smaller than that without error repetitive
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correction (krc = 0) at these frequencies. The control sys-
tem could obtain better tracking performance for command
current. At the same time, with the increase of krc(but not
more than 0.56), the harmonic compensation performance of
APF will be obviously enhanced.

V. SIMULATION AND EXPERIMENT VERIFICATION

For verifying the effectiveness of the proposed repetitive
prediction algorithm for command current and the improved
deadbeat control strategy for current inner loop in this article,
a simulation model and a HIL experimental platform are
built in accordance with the grid-connected three phase APF
system structure shown in Fig. 1.

The simulation model is built by Matlab/Simulink tool-
box. The HIL experimental platform is established with the
real-time digital simulator opal-rt 5600 as controller, IGBT as
the power electronic switching device (the type is 2SPO115T:
including IGBT and its driving module), a DC power supply
as the DC-side bus (the type is N5771A 300V/5A,1500W).

The nonlinear load is three-phase uncontrolled rectifier
with resistor on DC side. Simulation and experiment parame-
ters are shown in Table 2 and Table 3 respectively. The overall
experimental platform is shown in Fig. 13.

TABLE 2. Simulation parameters.

Parameters Value
Three-phase power line voltage Uqy/V 380
Rated frequency of power grid fv/Hz 50
AC-side inductance L/mH 1.3
DC side capacitance Cyo/tF 1000
DC side voltage Uy/V 800
Load resistance R /Q 10
Distortion rate of load current THD/% 25.22
Control system sampling frequency f/kHz 25

A. SIMULATION VERIFICATION FOR THE FAST REPETITIVE
PREDICTION ALGORITHM OF COMMAND CURRENT
AGAINST GRID FREQUENCY FLUCTUATION

For the purpose of verifying effectiveness of the proposed
prediction algorithm, the traditional and proposed prediction
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TABLE 3. Experiment parameters.

Parameters Value
Three-phase power line voltage Ugy/V 50
Rated frequency of power grid fn/Hz 50
AC-side inductance L/mH 13
DC side voltage Us/V 120
Load resistance R;/Q 5
Distortion rate of load current THD/% 24.18
Control system sampling frequency f/kHz 25

voltage
source

FIGURE 13. Experimental platform in laboratory. (a) Overall hardware
platform of APF system. (b) Power board and signal conditioning board.

algorithms are adopted to predict the command current at
grid frequency of 50Hz, 50.5Hz, and 49.5Hz. The simulation
results can be seen in Fig. 14 (a), (b) and (c).

In Fig. 14(a), when grid frequency is 50Hz, there exists
a small prediction deviation by the traditional prediction
algorithm, while the predicted value i (k+2) of the proposed
prediction algorithm is essentially coincident with the actual
command current. This result indicates that the prediction
accuracy of command current could be increased to a certain
extent by transferring the repetitive prediction from abc to dq
coordinate system.
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FIGURE 14. Predicted command current with traditional or proposed

prediction algorithm at different grid frequency. (a) Grid frequency
of 50Hz. (b) Grid frequency of 50.5Hz. (c) Grid frequency of 49.5Hz.

Besides, in Fig. 14(b) and (c), when grid frequency deviates
from 50Hz (50.5Hz, 49.5Hz), there exists obvious prediction
error with the traditional algorithm (the maximum prediction
error is about 6.7A), while the prediction error of the pro-
posed prediction algorithm is decreased obviously (the max-
imum prediction error is only 0.9A). Therefore, the proposed
prediction algorithm has strong adaptability to grid frequency
fluctuation.

B. SIMULATION VERIFICATION FOR THE IMPROVED
DEADBEAT CONTROL STRATEGY WITH PROPOSED
PREDICTION ALGORITHM

To investigate the APF harmonic compensation performance
under grid frequency fluctuation conditions, the improved
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FIGURE 15. Simulation results for the improved deadbeat control strategy with traditional or proposed repetitive prediction.
(a) With traditional prediction at grid frequency of 50.5Hz. (b) With proposed prediction at grid frequency of 50.5Hz (c) With
traditional prediction at grid frequency of 49.5Hz. (d) With proposed prediction at grid frequency of 49.5Hz.

deadbeat control strategy is adopted with traditional and
proposed repetitive prediction respectively. Fig.15(a) exhibits
simulation result by using traditional repetitive prediction
algorithm, and Fig.15(b) corresponds to the proposed repet-
itive prediction against grid frequency fluctuation when grid
frequency is 50.5Hz. Similarly, Fig.15(c) and (d) are the
simulation results at grid frequency of 49.5Hz.

In comparison with simulation results of the improved
deadbeat control strategy using traditional prediction,
the improved deadbeat control strategy using the proposed
prediction could reduce the THD of grid-side current from
5.64% (at grid frequency of 50.5Hz), 5.03% (at grid fre-
quency of 49.5Hz) to 4.03%, 4.00%.

Because the proposed prediction algorithm could adapt to
grid frequency fluctuation, the improved deadbeat control
strategy using the proposed prediction is scarcely influenced
by grid frequency fluctuation. Meanwhile, it is indirectly
identified that the prediction accuracy of command current
is the prerequisite for harmonic compensation performance
of deadbeat control strategy.
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C. EXPERIMENTAL VERIFICATION FOR THE IMPROVED
DEADBEAT CONTROL STRATEGY

According to the parameters in Table 3, a steady-state
harmonic compensation experiment is accomplished to inves-
tigate the harmonic compensation performance of this APF
system with the improved(krc = 0) and traditional deadbeat
control strategy in inner current loop. The power grid voltage
and nonlinear load current are shown in Fig. 16. The grid-side
current and APF output current of phase A can be seen
in Fig. 17. Moreover, fundamental and harmonic components
of grid-side current are counted by the harmonic analysis
module of oscilloscope in Fig. 17.

In Fig.17, compared with traditional deadbeat control strat-
egy, when the improved deadbeat is applied, harmonic com-
pensation performance of APF is improved significantly.
Specifically, it has a better compensation effect within the
range of 0-1250Hz with the improved deadbeat strategy.

Furthermore, harmonic compensation experiment is car-
ried out with the improved deadbeat-error repetitive correc-
tion control strategy (krc is 0.15, 0.3, 0.45 respectively).
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traditional or improved deadbeat control strategy. (a) Traditional
deadbeat. (b) Improved deadbeat (krc = 0).

The grid-side current and output current of phase A (as well
as harmonic analysis) can be seen in Fig.18.

For the purpose of quantitative analysis of APF har-
monic compensation effect with different krc, based on the
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FIGURE 19. Characteristic harmonic components of grid-side current with
different control strategies.

harmonic analysis results, the comparison of characteristic
harmonic components under different control strategies is
shown in Fig. 19. Moreover, the total harmonic distortion of
grid-side current can be seen in Table 4.

From Table 4 and Fig.17-19, when the error repetitive cor-
rection is added into the improved deadbeat control channel,
the harmonic compensation capability of APF could also get
enhanced to a certain extent with the increase of krc
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TABLE 4. Total harmonic distortion of grid-side current with different
control strategies.

Total harmonic
distortion of
grid-side current

Control strategy and parameters

Traditional deadbeat control strategy 5.45%
Improved deadbeat control strategy 381%
( ch:()) . ()

Improved deadbeat-error repetitive 3.68%
correction control strategy (krc=0.15) D80
Improved deadbeat-error repetitive 3.57%
correction control strategy (krc=0.30) e
Improved deadbeat-error repetitive 3.50%

. 0

correction control strategy (krc=0.45)
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FIGURE 20. Simulation results for dynamic-state harmonic compensation
using the proposed control method. (a) With the increase of load current.
(b) With the decrease of load current.

Finally, for revealing the superiority of the improved dead-
beat control strategy comprehensively, the verification for
dynamic response of the improved control strategy is realized
by changing the load resistance Ry . Ry, decreases from 52 to
2.5Q (for increase in load current) or increases from 2.5 to
52 (for decrease in load current). The simulation results are
shown in Fig. 20.

In Fig.20, when the load current increases or decreases,
there is a transient process lasting less than 1/2 power grid

24656

cycle. So the satisfactory dynamic-state harmonic compen-
sation performance of the proposed control method can be
indicated.

VI. CONCLUSION

In order to improve the harmonic compensation performance
of APF, command current prediction algorithm and dead-
beat control strategy for current tracking are optimized in
this article. The feasibility and effectiveness of the proposed
method are verified by theoretical analysis, simulation, and
experiment. The conclusions are as follows:

(1) The accuracy of command current prediction is the pre-
requisite for optimizing the current tracking control strategy.
Compared with the traditional command current repetitive
prediction algorithm, the proposed one exhibits higher pre-
diction accuracy and stronger adaptability to the fluctuation
of grid frequency.

(2) Compared with the traditional deadbeat control,
because the APF output current in the next sampling period
has been estimated, the effective controlled frequency band
of the control system is enlarged on the premise of ensuring
system stability.

(3) When current tracking error repetitive correction is
added into the improved deadbeat control channel, the peri-
odic tracking error could be reduced to some extent, and the
control accuracy is increased as well.

(4) The simulation and experiment results demonstrate
that the proposed control method has a fine steady-state
performance to grid frequency fluctuation and a satisfactory
dynamic response to the sudden change of load current.
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