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Abstract

In order to improve the deficiency of the traditional repetitive control, a novel control method
combining dead beat control and repetitive control in series is proposed to improve the dynamic
performance of the control system. A low-pass filter on the delay link of repetitive control is added to solve
the contradiction between repetitive control stability and steady-state accuracy, while the compensation
link is designed with the combination of leading phase and the low-pass filter to reduce the control object
by relying on accurate mathematical model. The control method, on the basis of steady state accuracy,
improves the relative speed and compensation accuracy. The feasibility of the proposed method is verified
by the experimental design.
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1. Introduction

A large number of power electronic equipment have been applied in the power grid
recently for energy saving and efficiency improvement. This equipment always produces a
certain harmonic current distribution, leading to distortion on voltage and current of network
common coupling point. The generating sources for the harmonic current are divided into two
types, i.e., the load generated harmonic current and a harmonic current caused by the power
supply. The load generated harmonic currents are caused by the nonlinear, while the bus
harmonic current caused by the power supply is resulted from the distortion of the supply
voltage. The presence of harmonic currents in the power grid not only results in the additional
loss of energy, but also cause abnormal failure in the grid powered devices. Traditional method
to manage harmonic is installation of passive filtering device, either filter harmonic or
compensate for reactive power; however, there are the inherent disadvantages of the passive
filter on tuning, resonance, and stability.

In order to overcome these shortcomings, the method of employing an active filter
device as an alternate to passive filter has been developed rapidly. [1-4] For examples, the
theories as instantaneous reactive power theory [1], synchronous reference coordinate
transformation [2], Pl control [3] and repetitive control [4-6] were applied to active power filter.
Though these theories effectively suppress harmonic and compensate reactive, they need
coordinate transformation for the collected voltage and current in practical applications. Due to
complexity of the compensation, a long computing time of the control chip is required, which
result in the decline in the dynamic performance of the active power filter [7-12].

Among different methods (cite references here), repetitive control has a wide range
of applications because of the accurate tracking of the periodic signal, however, repetitive
control design cannot take the advantages of both the stability and dynamic performance at the
same time. Here, we focus on improving the APF repetitive control strategy, including (1) to
build leading phase for compensation to the low-pass filter and the delay caused by repetitive
control and (2) to add deadbeat control for improving the dynamic performance of repetitive
control.
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2. Mathematical Model of H-Bridge Bridge Active Power Filter

Figure 1 shows the topological structure of H-bridge Bridge Active Power Filter. Grid
three-phase voltages are VSA,VSB and VSC; three-phase currents are iSA, iISB and iSC;
inductance inductors of active power filter and grid connection are LA, LB, and LC; current
flowing through the connections are iLA, iLB and iLC; H-bridge DC side capacitor voltage is
Vbus; and H-bridge IGBT are Sx1, Sx2, Sx3, Sx4 (x=A, B, C).
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Figure 1. Topological structure of H-bridge Bridge Active Power Filter

In order to establish the mathematical structure model of the H-bridge active power
filter, the switch transfer function is defined as:
K,(x =a. b. c)

K :{:1(55@’ S, ON)
g :O(SXZ’ SXS On) (1)

Voltage across the connection inductance equation is defined as:

L%H (lLa =Vsa—Vbuska

L%H‘ (Lb =Vsb —Vbus kb

LE +r [Lc =Vsc —Vbuskc
dt )

Capacitive current equation is defined as:
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3 dVbus _ VsallLa+VsbOLb+VsclOLc
dt Vbus (3)

Dodq transformation to equation (2):
d id id vd kd
LI Al. +r[Al. |=A —Vbus[A
dt iq iq vQ kq
4)
Where:

sin(wt) cosivt )

A=| sin(wt —gn) cosvt ——gn)

sin(wt +§7T) cosivt +—§ﬂ)

Eliminate A from both sides, and do the Laplace transform, and equation (4) can be written as:

ol ol el

Namely, current loop model

Because
iLa vd T\ ( [id
VsaliLa+VsblLb+VscllLc=[Vsa Vsb Vsc||iLb :(A[VqD (A[iqD
iLc

id 3/2 0 ||id
=[vd vg] A’ A[qu} =[vd vq][ o 3/ 2}[:(}} =g(vd [id + v ()
(6)

Take (6) into (3), and do the Laplace transform, then consider the phase-
lockasVd = 0, we obtain voltage loop model,

Vbus = 1 H—Vd [id
Cs 2Vbus @)

On the basis of the obtained mathematical model of the active power filter, control
strategy is studied. As the repetitive control can achieve accurate compensation, it has been
applied in harmonic active power filter. However, the repetitive control cannot take both the
stability and dynamic performance into account, the composite controller consisted of deadbeat
control and repetitive control improves the system rapidity under the premise of the system
accuracy and stability. Improving the repetitive control by combining it with deadbeat control can
effectively enhance the performance of active power filter.
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3. Composite Control Strategy
3.1. Repetitive Controller Design

The basic structure of general repetitive control is shown in Figure 2 and Figure 3.
E(2) is the difference of the reference signal and the output signal.?Q is a constant less than 1,
or a function having a low-pass nature, which is to ensure the system stable convergence in the

entire band. N is the number of samples in each cycle of repetitive control. S is the sampling
period.z = e'“"- 6.(2) js the compensation link designed for the control object characteristics,
which decides the performance of repetitive control system.
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Figure 2. The basic structure of general repetitive control
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Figure 3. The basic structure of general repetitive control

According to Figure 2 and Figure 3, repetitive control transfer function® (2) is

Gr(z):Ls(z_) (8)
1-Q(z)z ™"

From the transfer function, when the reference signal is the periodic signal, in which
angular frequency Wis 2km /T . k0 [0.N /2] only the compensation link ¢-(z) and the delay
link Q (2) influence repetitive control performance.

Figure 3 is the block diagram of active power filter control including deadbeat control

Without deadbeat control, transfer function r to e ¢ - (?) is as follows:

e_ (1-P)1-Qz ")

Ge(z)zi N
r 1-277(Q -SP) 9)

The transfer function shows that, when Q@ =1, G.(2) _O, the steady-state tracking
error of all the harmonics converges to 0; and the system can track the reference signal without
steady-state error. As a result, the stability margin of the system can greatly improve when

|q <1. Therefore, theQ design requires a compromise in stability and steady precision. The
Q design has two methods, i.e., to set a constant less than 1 and to design a low-pass filter. In
this paper the method of setting a constant less than 1was employed, while the steady accuracy
drop caused by compensator was adjusted.
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N _

The equation 9 shows that the pole of system isZ =Q- SP, static and dynamic
characteristics of the system are best whenZ = 0, Here, the system poles are all in the center of
the circle. Correspondingly, @ = % | in ideal intimal case® =1, when the compensator is
designed as s = P ', the system can perform the fastest error convergence and have
minimum steady state error. However, this process is heavily dependent on the accurate
mathematical model of the controlled object, because undetermined factor and changes in the
environment may cause unmolded errors. Moreover, in accordance with s = P ** the design can
exist poles outside the unit circle, resulting in the system instability?

In order to eliminate the compensator reliance on accurate mathematical model of the
controlled object, the differentiation element is combined herein with the low-pass filter to
approximate P *to get a good compensation performance for

S=7G,(2)

L is the number of lead compensation steps, ¢» (?) is the zero phase low-pass filter.

Wherein thea and ® are filter coefficients, the exponent number of the zero-phase
low-pass filter is 2D +1, D can be obtained by optimizing design, the goal of optimizing design is

— J = U, 1G.(2)
Mm‘] =J+awD wD[O wO] Z k| | is the maximum harmonic number,

and#«is the We|ght|ng coeff|C|ents which can be obtalned through experience.
Generated by approximation, z* is used to compensate for the repetitive control
hysteresis. While ¢» (2) suppress high frequency interference to the controller.

4. Deadbeat Control

From the examination link to the control link, many calculations of Active Power Filter
consume a certain amount of computing time, and cause the decline in dynamic performance of
active power filter. As a result, deadbeat control is added to improve the dynamic performance
of active power filter.

4.1. Discrete Model of Deadbeat Control

Figure 4 and Figure 5 show a single-phase equivalent circuit of the active power filter,
and deadbeat control principle, respectively. The output current of active power filter can be
accurately tracked by the reference current within a sampling period.

Figure 4. Single-phase equivalent circuit of Active Power Filter
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Figure 5. Deadbeat control principle
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Through the calculation of detected ¥’ ¢and IC, the pulse width of the active power
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filter is obtained. When &’ Candlc, v. are determined, a state equation of a single-phase

equivalent circuit is obtained according to Figure 4.
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i, =C'X (20)
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Discretize equation 8 to obtain equation 9
x(k +1) = Fx(K) + gAT (k)
(k) =CTx(K) a
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In which, discrete model of the output current of active power filter is obtained,

L (k4D = Ry, ()+ Pl ()+ Fidy (K)+ Foi +9 AT () W)

Iy (K+1)= i;f (k+1)

Wherein the 2T (%) s pulse width. When , it can be obtained by

the following equation13,

i;f (k +1) - F31ic (k)_ F32Vc (k)_ FS:J:af (k)_ Fszyl_ (k)

AT(K) =
93 (13)

4.2 State Observer Design

A A

When the observer of state variable *-is designed, the predictive value of lc and \écan

be successfully obtained by equation 12. xis the predictive value of the state variable * .

%.(K) = Fox, (k=1 + F, x, (k= )+ G.AT k=D~ L f, (k~D)~c] x, (-1} 14

— ic(k) — iaf (k) _ I:11 I:12 _ F13 I:14
X°(k)_[vc(k)} Xa(k)_[o }F“{Fn sz F’"{Fzg FJ

9[3‘} ¢=1 q" :m

Iland l, are observer gain, depending on the stability of the state observer.

veand s is calculated by the equations 12 and13, respectively.
VL(k) :VL(k_1)+ KV{VLf(k) _VLf(k_l)} (15)
iaf(k) :iaf (k_l) (16)

. . K
Replace 2T (k) in the equation 13 with predicted values Ic(k), Vc(k), VL(k), and I ( ):
iy (K+1) = Fyyj (K) = ooy, (K) = Fa , (K) = Fapy, (K)

AT (k) =
O;
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5. Experimental
Experiments were carried out in the platform of Active Power Filter with a rated

current of 50A and three-phase three-wire 6-pulse rectifier, which produced17 + 0.8A of total
harmonic current,. The total harmonic current is approximatelyl/ 3 of the rated current of active
power filter. The model of XC3SD1800A Xilinx FPGAs with DSP processing functions was used
in the controller; while the power modules of the Infineon Econo Dual packaged IGBT were
utilized. The parameters for Active power filter system are shown in Table 1.

Figure 6 is a diagram of the experimental device. In order to better reflect the superiority
of the composite control algorithm, two extremes experiments, instantaneous sudden loading
and sudden load reduction on active power filter, were selected.

Table 1. The experiment data list for Active power Filter

Parameter Values of the parameters Parameter Values of the parameters
L,/ mH 40 C./uF 5.0
L,/ mH 15 CluF 5600
L, /mH 2.0 u. /v 700
R/Q 10 T./ 15 100

Figure 6. The experimental device

Figure 7 is the effect diagram of sudden loading to the stable operation, while Figure 8
is the effect diagram of sudden load reduction to the stable operation. In accordance with the
experimental waveforms, Figures 7 and 8 show that response time for APF with deadbeat
control is 9ms, which is superior to traditional repetitive control dynamic response time (15ms).
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Figure 8. Effect diagram of sudden load reduction to the stable operation
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Figure 9. The harmonic histogram of harmonic generated with load
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Figure 10. The side harmonic histogram of APF added grid

The FFT transform was performed on the experimental data, in order to quantitatively
analyze the compensate effect of complex control algorithm. Figure 9 is the harmonic histogram
of harmonic generated with load in system, while Figure 10 is a side harmonic histogram of APF
added grid. Through these two histograms, APF is steady in good effect when harmonic
distortion ratio is 1.21%, Even when the load is1/ 3, the compensation effect is also good.

6. Conclusion

To sum up, we established a mathematical model of the active power filter with three-
phase H-bridge structure, and subsequently studied the reasons why the accuracy and stability
of traditional repetitive control cannot be simultaneously satisfied. With the mathematical model
of the active power filter, the differentiation element was combined with the low-pass filter to
approximate P 'to get a good compensation performance and to solve the problem of the
contradiction between repetitive control stability and steady precision. Moreover, deadbeat
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control and repetitive control were combined to enhance the dynamic performance of the active
power filter and subsequent the system rapidity. Through experimental, it was confirmed that
the control method effectively improved the dynamic performance of the active power filter, and,
the total harmonic distortion rate were controlled within about 1.2% when load was light.
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