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Abstract

Tracking harmonic current quickly and precisely is one of the keys to designing active power filters (APF). In the past, the
current state feedback decoupling PI control was an effective means for three-phase systems in the current control of constant
voltage constant frequency inverters and high frequency PWM reversible rectifiers. This paper analyzes in detail the limitation of
the conventional PI conditioner in the APF application field and presents a novel PI control method. Canceling the delay of one
sampling period and the misadjustment for tracking the harmonic current is the key problem of this PI control. In this PI control,
the predictive output current value is obtained by a state observer. The delay of one sampling period is remedied in this digital
control system by the state observer. The predictive harmonic command current value is obtained by a repetitive predictor
synchronously. The repetitive predictor can achieve better predictions of the harmonic current. By this means, the misadjustment
of the conventional PI control for tracking the harmonic current is cancelled. The experiment results with a three-level NPC APF
indicate that the steady-state accuracy and dynamic response of this method are satisfying when the proposed control scheme is

implemented.

Key words: Active power filter, PI control, Repetitive predictor, State observer, Three-level NPC inverter

I. INTRODUCTION

Harmonics cause serious problems for power conversion
systems. Passive filters that consist of L and C are generally
implemented to attenuate the harmonics generated in the
power system. However, passive filters have disadvantages in
that the source impedance affects the filtering characteristics
and amplification of the harmonic currents caused by the
parallel resonance. The control of harmonic perturbations by
active power filters (APF) has become a hot topic in the
power engineering field. In the past two decades, active
power filters have been developed rapidly to suppress the
harmonics in power distribution systems of 380V grids
[1]-[4]. However, the voltage grids are 600V in many power
distribution systems for making petroleum holes. 690V grids
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are widely used in many of the power

distribution systems of mining. There are many voltage grids
ranging from 600V to 1000V in steel-making factories. Due
to the limitations of the voltage and current capabilities of
power devices, it is very difficult to handle the nonlinear
loads in the above mentioned voltage grids with the
traditional APFs of a 380V grid with a two-level inverter. In
recent years, three-level neutral-point-clamped (NPC) PWM
inverters have become an effective and practical solution for
many moderate voltage application fields [5]. Evidently, the
three-level inverter is very suitable for the harmonic
restriction of the above mentioned voltage grids. By adopting
this topology, a three-level APF with a 1200V IGBT may be
used directly in 600V and 690V voltage grids, and a
three-level APF with a 1700V IGBT can be applied directly
to 1000V voltage grids. Moreover, this topology can
synthesize more output levels which is good for harmonic
current tracking. In addition, the three-level inverter can be
combined with a passive filter to form the hybrid filter used
in 6.6kV grids. The hybrid filter can use a 1200V IGBT at a
reasonable cost from the market [6], [7]. The APFs with a
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three-level NPC inverter have received more and more
attention in recent years [6]-[12].

The high quality system current waveforms of a power
system evaluated with little total harmonic distortion (THD)
are a basic requirement for APFs [13]-[21]. Among them, the
current state feedback decoupling PI control is distinguished
by its simple structure and fast response while this control
scheme provides lower current ripples and a constant
switching frequency. It is widely applied in the current
waveform control of three-phase inverters, PWM rectifiers,
STATCOMs and motor drives with sinusoidal inputs or
outputs [13]-[18]. However, when this control is applied to an
APF, there are some new problems that need to be solved.
Firstly, the PI controller may track the DC signal with zero
steady-state error. When the fundamental signal is converted
into a DC quantity through synchronous rotating
transformation in three-phase inverters, STATCOMs and
PWM rectifiers, the conventional PI controller may track the
command signal in the rotating dq frame with zero
steady-state error. However, the command current of the APF
includes a large number of harmonics. The bandwidth of the
conventional PI controller is almost enough for effectively
tracking the command harmonic current. As a result, the
conventional PI controller will have a large tracking error and
the system current waveform filtered has a large THD. How
to eliminate the tracking error?

The execution of the control program needs time. The
calculation of the command voltage should be carried out a
sampling period ahead, otherwise the maximum output pulse
width will be significantly reduced. Under most conditions,
the calculation of the command voltage in this sampling
period will be carried out in the next sampling period.
Therefore, a delay of one sampling period will occur. When
the frequency of the command signal is comparatively low in
three-phase inverters, STATCOMs and PWM rectifiers, the
tracking error is very small and may be neglected. However,
the frequency of the harmonic current compensated by the
APFs is comparatively high. If the delay is not remedied, the
delay of one sampling and calculation period will seriously
affect the filter effect of this APF. Therefore, the delay of one
sampling period must be remedied.

The authors of [22] present a multiple synchronous rotating
reference frame PI controller for active filters. Based on this
feature, the preselected undesired harmonic currents are
independently compensated with PI regulators in multiple
synchronous reference frames. The limitation of this method
consists of the significant computational burden arising from
the need for multiple synchronous rotating reference frames.
Moreover the number of reference frames will be doubled
under unbalanced conditions. In [23], a PIS control method
based on adding an S (sine) regulator to a conventional PI
regulator was presented for APF applications. The control
method includes seven S regulators having different resonant

frequencies. Each of the resonant frequencies is tuned to the
fundamental, 5th, 7th, 11th, 13th, 17th, and 19th harmonics.
An experiment carried out using a 1-kVA APF prototype
indicates that the control method has perfect current-tracking
performance. However, this control method requires many S
regulators. As a result, its structure is very complicated.
Moreover, when the characteristics of the load current change
and the new harmonic components are produced, the control
effects of this method will deteriorate. The authors of [24]
presented a fuzzy proportional-integral controller (FPIC) used
to provide the appropriate switching pattern of an APF to
generate the actual compensation current. However, the
THDs of the compensated experimental line currents were
somewhat larger and these experimental results cannot agree
reasonably well with the theoretical predictions.

This paper analyzes the shortages of the conventional
current state feedback decoupling PI control in detail and
concludes that canceling the delay of one sampling period
and remedying the misadjustment for tracking the harmonic
current are the key problems of this PI control method. Then
a novel PI control method is presented. In this PI control, the
predictive output current value is obtained by a state observer.
The delay of one sampling period in this digital control
system is remedied by the state observer. The predictive
harmonic command current value is obtained by a repetitive
predictor synchronously. The repetitive predictor can achieve
better prediction of the harmonic current. By this means, the
misadjustment of the conventional PI control for tracking the
harmonic current is cancelled. This PI control method has a
fast dynamic convergence rate and little static misadjustment.
The experiment results illustrate that the performance of the
proposed approach is satisfactory.

II.  OPERATING PRINCIPLE AND CONTROL SYSTEM

The operating principle of the APF is shown in Fig.1. After
the load currents flow through the current transformers, the
desired currents, which the APF should compensate, are first
obtained by the detecting circuit of the harmonic currents.
Then the desired currents are injected into the power system
by the APF controlling the PWM inverter. It can be seen from
Fig. 1 that the source current i is provided with both the load
current i; and the output current i, of the APF, i.e., i, =1, + i,.
Since i, = -ij, the power source only supplies i;. Hence, i,
after compensation, becomes a sinusoidal current which has a
frequency that is identical to u,. This is the basic operating
principle of the APF. The three-level NPC inverter applied to
the APFs, as shown in Fig. 1, is built-up of twelve switches,
each with a freewheeling diode, and six power diodes. This
allows for the connection of the phase outputs to the middle
voltage. The blocking voltage of each switch is 1/2 of the DC
voltage. Each arm of the inverter can be clamped to the DC
terminals P, N and Q, to produce three switching states.
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Fig. 1. Schematic diagram of the active power filter with
three-level inverter.

When the upper two switches (T, and T,) are switched on,
the output of this phase is connected to the DC terminal P.
When the middle two switches (T, and T;) are switched on,
the output of this phase is connected to the middle point N.
Similarly when the lower two switches (T; and T,) are
switched on, the output of this phase is connected to Q. The
allowed logic configurations of the NPC switches are able to
provide the three different output voltage values furnished by
each NPC inverter phase. The states of T;, T,, T;and T, are
complementary. The two switches for each phase of the NPC
inverter are closed, whilst the other two are opened at every
time instant [5].

From Fig.1, the control system model for tracking the
command current of the three-level APF in the stator
coordinates is established as follows:

di
s cae =Ug, — Rica —u,
dt
di )
LS % = usb - Ricb _ub
di
Ls' i Uy — Riuc —u,

In this paper, the power loss on the resistor R is assumed to
include all of the filter's losses. Where u,, , u,, and u,. are the
utility voltages, u, , u, and u. are output voltages of the
three-level inverter. Through a synchronous rotating
transformation, the equation in the ABC stationary frame can
be expressed in the d-g frame as follows:

L, diy =u,—Ri,+owLi,6 —u,
dt ! 2)
diCq . .
T =u, —chq —wli, —u,
By this means, the three-phase alternating signal is
changed into a two-phase alternating signal. Thus, the
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Fig. 2. Block diagram of control system of the active power filter
with three-level inverter.

mathematic model of this APF is predigested. A diagram of
the control system is shown in Fig.2. The control system
includes an outer-loop voltage controller and an inner-loop
current controller. The outer-loop controller is used to
produce the command active current to regulate the DC
voltage. The inner-loop current controller is divided into the
detection module for calculating the harmonic current and the
control module for tracking the command current and
restraining the neutral-point voltage imbalance. In order to
control the shape of the output current waveform, a novel PI
control technology is presented. The neutral-point voltage
imbalance is restrained by selecting the small vectors that
will move the neutral-point voltage in the direction opposite
the direction of the unbalance from the space vector PWM
point of view in the control module [25].

III. NOVEL PI CONTROL METHOD

Traditionally, the current state feedback decoupling PI
control is an effective means for three-phase systems in the
current control of high frequency PWM reversible rectifiers.
From (2), a block diagram of the PI control system is as
shown in Fig. 3 [13]-[15], [20]. Through this PI control
method, the equivalent decoupling control diagrams for i; and
i, can be derived as shown in Fig. 4. KP and K/ are the
proportional and integral parameters of the PI controller,
respectively. The control plant is a first-order. The current
control closed-loop with the PI controller is a typical
second-order system.

C(S)Zl:i(S)Z i (Kp/Lg)s+K,/L; 3)

i(s) s*+[(K,/Ly)sl/Lg+K,/Lg

The current control closed-loop is a typical second-order
system which can be corrected by a PI controller into a
first-order element by means of the Siemens method. The

Siemens method is widely used in the actual tuning of the PI
parameters. The core thought of this design is to let the zero
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Fig. 3. Block diagram of current state feedback decoupling PI
control.
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Fig. 4. Block diagram of equivalent decoupling control.

of the controller offset the pole of the plant in the s-plane.
That is to say, K,/K, =L /R . Using this method, the PI

parameter Kpand K; are designed as follows:
K,=L/T,.K,=R /T “)
Where Tis sampling\switch period. Substituting equation
(4) into (3) yields the following results:
C(s):l:i(s): Ky — 1
l(,(S) KP+LSS 1+(LS/KP)S (5)
11
4T 1+ Ts

From expressions (5), it can be seen that the closed-loop
current control system is corrected into a first-order element.
The time constant 7p of the closed-loop current control is
equal to the switch period T .

The bode map of C(s) is as Fig. 5. From the bode map of
C(s), C(s) has a close-to-unit gain in the low frequency band.
Because the fundamental signal is converted into a DC
quantity through a synchronous rotating transformation, the
conventional PI controller, which is designed with
above-mentioned method, has little static misadjustment in
the PWM reversible rectifier. However, the command
currents of the APFs include a large number of harmonics.
From the bode map of C(s), the magnitude of C(s) degrades
in the high and medium frequency bands. The bandwidth of
this PI controller is almost enough for effectively tracking the
command harmonic current. The PI controller has a static

misadjustment for tracking the command current, and the
system current waveform filtered has a large THD. In order
to make the output current track the compensation harmonic
reference well, the gain of the PI controller should be
increased. However, doing that might cause oscillations and
instability of the APF.

From expressions (5), the discrete equivalent equation of

Bode Diagram

Magnitude (dB)

Phase (deg)

Frequency (rad/sec)

Fig. 5. bode map of C(s).

the closed-loop current control system can be represented as:

T l(k“Tﬂ +i,(k)=i"(k) ©

Simplifying expressions (6), the answer can be represented
as:

i (k+1)=i (k) (7

From expressions (7), it can be seen that the output
compensation current at the (k+1)th sampling instant is equal
to the command harmonic current at the kA instant in the
above-mentioned digital PI control system. Therefore, the
output current lags the command current by one sampling
period. Thus, the controller has a static misadjustment. If the

command harmonic currents i (k+1) can be predicted at

the kth instant and i (k+1) is substituted for i (k) in

equation (7), the following results may be obtained:
L (k+D) =i (k+1) )

By this means, the misadjustment of the conventional PI
control for tracking the harmonic current is cancelled.
Therefore, predicting the harmonic currents at the coming
sampling instant precisely is an effective method to improve
this controller.

Moreover, the execution of the control program needs time.
The calculation of the command voltage should be carried out
a sampling period ahead, otherwise the maximum output
pulse width will be significantly reduced. When the
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calculation of the command voltage is carried out in the
above sampling period, that is to say, the command voltage
calculated in the (k)th sampling period is carried out in the
(k+1)th sampling period, a delay of one sampling period will
occur. The question can also be represented as:
i"(k+1)=i"(k) )
If the control system follows the command current
accurately, the output current of the APF can be represented
as:

i, (k+1)=i"(k) (10)

Expression (10) is the same as expressions (7). Therefore,
the bode map of expression (10) is the same as Fig.5. The
frequency of the harmonic current compensated by the APF
is higher than the inverter, the STATCOM and the PWM
rectifier. From the bode map in Fig.5, the delay error of one
sampling period in the APF system (when the harmonic
required to be compensated is 3KHz) is large. Furthermore, if
the delay of one sampling and calculation period is not
remedied, the delay will seriously affect the filter effect of
this APF. As a result, remedying the delay of one sampling
period is another key problem in improving this controller.

Therefore, the control process should be like this: at the
(k-1)th instant, sample the output current i.(k-1) of the APF,
then estimate i.(k). Meanwhile, sample the load current i;(k-1)
and calculate the harmonic current i,(k-1), then predict
ip(k+1). Finally the predicted value i,(k+1) is put into the PI
controller of the closed-loop current control system. Using
this approach, the control system can track the command
current with no static misadjustment.

A good solution for the estimation of the APF output
currents i.(k) is a state observer. From (2), the control system
model for tracking the command current can be changed as
follows:

X=4-X+B-U (11)
. TT T
X:[zcd ch:| U:[usd—ud usq—uq]
R
_L_S 0] L 0
| L sl L
R 1
— ——s 0 —
LS LA
Then the sample data model becomes as follows:
X(k+1)=G-X(k)+H-U(k) (12)

X(y=[i, k) i,7

U k) =L, (0 =u, (k) e, (k) =u,(6) ]

G=e'" H=(e'"-I)e 4" eB

A full order state observer for this APF is as follows:

X(k+)=G-X(k)y+H-U(k)+T(X(k)-X(k))  (13)

Where T is the observer gain. The state predictor is as
Fig.6. x (4)and x (x +1) denote the estimated values of
the output currents at the kth and (k+1)th sampling instants.

X(k+1 X(k
(+),_| (k)

U(k)

AX (k) A+
(7] &

X (k+1)— X(k)
127

+

(e
LC ]

Fig. 6. The state predictor.

The observer gain is decided so that a stable pole
placement is realized in the observer.
From (12) and (13), the error system is:
e.(k+1)=(G-T)-e.(k) (14)
Where e (k+1)=X(k)—X(k) is the observer error. The

poles of the observer can be arbitrarily placed by adjusting
the feedback gain 7. In practice, it is easy to make the
observer error quite close to zero by setting the poles of the
observer suitably.

It seems impossible to model the load current disturbance
precisely when considering the diversity of load types. Since
the harmonic is repetitive most of the time, it makes sense to
adopt a repetitive algorithm to predict the seemingly
unpredictable load currents [20]. The basic theorem of the
repetitive harmonic predictor is show as Fig.7.

The algorithm can be seen as a plug-in repetitive
compensator for a basic predictor. The basic predictor is a
unit delay: z 2, which means that it just takes the value of
harmonic current at the kth sampling instant (namely iy (k),
ing(k)) for the harmonic current values at the (k+2)th sampling
instant since the (k+2)th sampling process has not yet begun.
The input of the compensator is e, which is defined as the
difference between the value of the actual current and the
estimated value. It is assumed that harmonic current is
sampled N times in a fundamental cycle. In order to
repetitively compensate the error of the basic prediction, N
memory cells are prepared to store the correction values
(namely A(k), kE[I,N]) in one fundamental cycle. The
predicted value of the harmonic current at the (k+2)th

sampling instant (namely i #(k+2)) can be obtained by
adding A(k) to the value of the harmonic current at the kth
sampling instant, as (13). The correction value A(k) for

correcting the basic prediction value i, (k) to predict i w(k+2)
is modified periodically by adding the prediction error to the
current correction value A(k). The prediction error is
obtained by subtracting the predicted value of the harmonic
current 7 ,(k+2) from the actual harmonic current value
ink+2).
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Fig. 7. The repetitive predictor.

i,(k+2)=1i,(k)+A(k) (15)
Due to the unperfected modeling, a bandlimit filter is often
included in a repetitive controller. Such a filter can improve
the stability of the filter system by eliminating the error e by
half. This filter equals 0.95 (the parameter was shown to be
suitable in most of our simulations). In this case, the basic
estimator is just a simple and fixed algorithm, and not a real
physical system where measuring errors and parameter drift
are inevitable. As for the gain k., when it is set to be unity, the
error will be compensated nearly 100% in the second cycle
under a repetitive input. However, in practice, the load
current does not exactly repeat itself from cycle to cycle. For
a smooth convergence of the error, k. should be chosen as less
than 1. The simulation results show that the value k. =0.98
appear to be a good choice for all of the experiments.

IV. EXPERIMENTAL RESULTS

The experimental parameters are shown as follows. The
nonlinear load is a three-phase bridge rectifier with
inductance and resistance. The source RMS phase voltage
value is 110V and the power frequency is 50Hz. The
impedance of the voltage source is I1mH. The filter
inductance is 2mH and the resistor of the APF output filter is
0.5Q. The DC voltage of the filter is 360V and the DC
capacitor of the filter is 4700uF. Both the sampling frequency
of the control system and the switch frequency of the
switching device are 9.6kHz. The DC controller parameter kp
is 1.6 and kI is 64. Repetitive predictor parameter kr is 0.98.
A P-MOSFET 2SK1020 is selected as the switching device.
Some important experimental oscillograms are shown as
follows:

Fig. 8 shows the waveforms of both the load and utility
current through the APF filtering. Waveform 2 is the utility
current and waveform 1 is the load current with the help of
the harmonic compensation of the three-level APF with the
new PI controller. It can be calculated from these figures that
the value of the total harmonic distortion (THD) can be
reduced from 22.54% to 3.3%. Fig.9 shows the waveforms of
both the load and utility current through the APF filtering
with the traditional PI controller. The THD value of the
utility current can be calculated as 6.1%. Obviously, the

/ g AT A SR
W A
20A/div | ]
5 \/ / ’M// \\/ \\-//{
1) [TDS1012B].CH1 ]
R)ITOS1012BL.CH2, |\ o\ 10 T TR TN N P

T, 10ms/ div

Fig. 8. Experimental steady waveforms of load current and
system supply current.
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Fig. 10. Experimental dynamic waveforms of load current and
system supply current when nonlinear load is added abruptly.

filtering ability of this new PI controller is better than the
traditional PI controller. Fig.8-9 prove that the new proposed
PI controller has good steady filtering capability.

In order to test the dynamic response characteristic of this
PI controller, some of the dynamic waveforms were recorded
when load switched on and off, as shown in Fig.10~11
respectively. As shown in Fig.10, from waveform 2, it can be
seen that the composite controller responds to the current
reference very quickly. When the load is switched on
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Fig. 12. Experimental waveforms ofu,y and u,p

suddenly, the reference distortion lasts only two periods. In
Fig.11, waveform 2 shows the output current of the APF
when the load is switched off. The PI controller also
responses very quickly. It is obvious that the proposed APF is
controlled very well by the PI control.

The experimental waveforms of wuy
illustrated in Fig.12, where waveform 1 is u,y and waveform
2 is u,p. It is obvious that the output voltage u,y furnished by
each NPC inverter phase is three-level and that the line-line
output voltage u,p is five-level. Fig.12 shows that the
proposed APF is suitable for the application field of voltage
grids ranging from 600V to 1000V.

and wu,p are

V. CONCLUSIONS

Based on a detailed performance analysis of the traditional
current state feedback decoupling PI control for APFs, this
paper proposed a novel PI controller to improve the steady
state compensation precision and ensure the dynamic
response performance. This novel PI control algorithm can
suppress the periodic error in the whole system to achieve
zero steady error tracking. The feasibility of this control
method is verified by theoretical analysis and laboratory tests.
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