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Abstract: An all-digital hybrid current regulation scheme for
the single-phase shunt active power filter ( APF) is presented.
The proposed hybrid current control scheme integrates the
deadbeat control and the dual-mode structure repetitive control
(DMRC) so that it can offer superior steady-state performance
and good transient features. Unlike the conventional schemes,
the proposed scheme-based APF can compensate both the odd
and the even order harmonics in grid. The detailed design
criteria and the stability analysis of the proposed hybrid current
controller are presented. Moreover,
which incorporates the proposed hybrid controller and the
resonant controller for tracking specific order harmonics is

an improved structure

given. The relationships between the resonant controller and
different
Experimental results verify the effectiveness and advantages of
the proposed hybrid control scheme.

repetitive  control  schemes are discussed.
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‘ x T ith the increasing use of nonlinear loads in power

systems and more strict requirements by grid
codes, the power quality becomes a critical issue today.
The nonlinear loads may cause significant low order har-
monics, which will not only increase the power loss in
distribution lines but also disturb some sensitive electric
equipment. Both the passive and the active power filters
(APF) have been proposed to alleviate such low order
=1 Compared with the passive power filters,
the APF is considered more attractive due to its high effi-
ciency and controllability'*’. The function of the APF is
to generate the out-of-phase harmonics purposely to com-

harmonics
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pensate the existent harmonics in grid. In the past several
years, the most important research line for the APF is re-
lated with the control schemes, which can effectively im-
prove the performance of the APF system. In fact, the
performance of the APF is mainly dependent on the cur-
rent tracking capability. Many conventional current regu-
lations, such as proportional integral( PI) control®', hys-
teresis control' and deadbeat control'”, etc. have been
applied in the APF system. However, these solutions ex-
hibit some well-known drawbacks'®’
gation of the experimental results, the current tracking ca-
pabilities based on these methods are relatively weak.
The repetitive control is another promising current reg-

and from the investi-

ulation scheme today. Originating from the internal
model principle, the repetitive control provides a high-
performance solution for the grid current quality applica-
721 " The periodic disturbance and error can be eas-
ily eliminated by using this repetitive controller. There-

tions

fore, the repetitive controller can precisely track the ref-
and it is
very suitable for the current control in the APF applica-
tion. However, the transient performance of the conven-
tional repetitive controller is unsatisfactory for the APF
application because the control output values update ev-
ery N sample intervals and the error convergence rate is
slow. N is the sampling times in a fundamental cycle.

erence current with various order harmonics,

To accelerate the convergence rate, the odd-harmonic re-
petitive control scheme was proposed'”’.
with the conventional repetitive controller, the odd-har-
monic repetitive controller updates its output values ever-
y N/2 sample intervals, and the convergence rate is fas-
ter. Since the main harmonics in the power electronic
system are odd harmonics, the odd-harmonic repetitive
control (OHRC) was proposed for the shunt APF in
Ref. [14]. In addition to the similar ability of harmonic
rejection as the conventional repetitive control, the
OHRC is verified to offer better transient performance.
However, the OHRC only provides high gains for the
odd harmonics but it has less controllability for the even
order harmonics. Actually, the power system produces
even order harmonics when power converters are em-
ployed under some unusual conditions'”"”. Unlike the
OHRC, the dual-mode structure repetitive controller
(DMRC) can eliminate both the odd and even harmon-

ics'"”". In addition, the DMRC also updates the control

Compared



408

Zou Zhixiang, Wang Zheng, and Cheng Ming

output values every N/2 sample intervals. Thus, the
DMRC can not only improve the performance of grid
current control under general current harmonic condi-
tions, but also maintain the fast convergence rate. It
should be noted that the dynamic performance of repeti-
tive control is not satisfactory because of the memory
cells in the forward channel. Therefore, the repetitive
controller is usually improved by integrating a feedback
) To provide good performance for both the
steady-state and the transient operation of the APF, a no-
vel hybrid current controller is proposed in this paper by
integrating the deadbeat control and the DMRC. By
using the proposed hybrid current controller, not only
the advantages of the deadbeat controller, namely the
fast transient response and easy digital implementation
are maintained, but also the high robustness and accurate
current tracking ability are provided.

controller

1 System Description

Fig. 1 shows the system configuration, where a sin-
gle-phase voltage source inverter ( VSI) fed shunt APF is
used to compensate the low order harmonics generated by
a diode rectifier. The VSI fed APF is connected to the
grid via an inductor. The diode rectifier feeds the paral-
leled capacitor and resistor load in the DC side. In this
figure, E, V_, i, i_and i are the grid voltage, the DC-
link voltage, the load current, the compensation current
and the reference current, respectively. p and g are the
DC components of the instantaneous active and reactive
power, respectively, and p, . corresponds to the loss of
the APF.

PWM signals

E i . +
+ + . Deadbeat -
Instantaneous Reference current I Dual-mode i
power calculation calculation structure RC

Fig.1 System configuration of the single-phase shunt APF

The dynamics of the APF in Fig. 1 can be described as
follows:
di

L —=E-V, 1
ndt Vm ()

dv, )

C, 4, =S (2)
where the compensation current i, and the capacitor volt-
age V_are the state variables, and V,, is the input voltage.
S(t) denotes the switching function, and the value is 1 or
-1. L, and C, are the values of the grid-side inductor
and the DC link capacitor, respectively.

For the operation of the shunt APF, the grid current i,
is controlled to track the sinusoidal reference while the
DC-link voltage should be kept stable. The cascaded con-
trol strategy is proposed to achieve these two control ob-
jectives. The current regulation of the shunt APF consists
of two parts: One is the current control loop and the other
is the reference current generator. The reference current
generator is designed based on the instantaneous p-q theo-
ry, which has excellent steady-state performance and can
be easily implemented'”. Unlike the previous current
regulation methods, the DMRC and the one-sampling-
ahead preview ( OSAP) control integrated hybrid current
regulation scheme is newly proposed for the APF. Since
the focus of this paper is to investigate the performance of
harmonic current tracking on the AC side, the standard PI
control is used to control the DC link voltage of the APF.

2 Design and Analysis of Proposed Control Scheme
2.1 Design of OSAP controller

Eq. (1) can be described as
T,
i(k+1) =i(k) +f(E(k) - Va(k) (3)

where k and k + 1 represent the sampling instants. The
grid voltage E can be assumed constant in each sampling
period 7, by considering the sampling frequency is high
enough. The OSAP control algorithm is a standard dead-
beat control for the current loop. It yields i (k +1) =
i (k) with the transfer function as H,(z) =z '. The
control law for the current-loop is given as

L
Vi (k) = E(k) =i (k) =i (k) (4)

2.2 Proposed hybrid current control

The proposed hybrid current control scheme is shown
in Fig.2. The DMRC in the proposed hybrid controller
has the controllability for both the odd and the even or-
der harmonics. Two N/2 memory cells run in parallel
and the controller updates its control output every N/2
sample intervals. Therefore, the convergence rate of the
DMRC in the hybrid controller is faster than that of the
conventional repetitive control schemes. The transfer
function of the proposed hybrid controller is given as fol-
lows:
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G, (2) = ((k,G o (2) +k. Gy, (2)) G(2) +1) G (2) =

(( e Z_N/ZQ(Z) Z_N/ZQ(Z)
o l+Z—N/2Q(Z) e 1 _Z—N/ZQ(Z)

)Gl-(z) +1)Gosap(z)
(5)

where G,,.(2), G, (2), G(z) =z and G, (7) are the
discrete transfer functions of the OHRC,
monic repetitive controller (EHRC), the compensation
filter and the OSAP controller, respectively. k, =0 and k,
=0 are the repetitive control gains.

the even-har-

N .
G, (z)FQL—{OSAPH Plant }—‘L

Fig.2 Proposed hybrid current control system

In Eq. (5). a low-pass filter Q(z) is employed to en-
hance the robustness of the system. Particularly, the DM-
RC will turn into an OHRC or an EHRC when k, =0 or
k, =0. The DMRC can also be turned into a conventional
repetitive controller (CRC) with the repetitive gain of k,
+ k, when k_ =k, with the transfer function as follows:

-N/2
<

-N/2 (k\) +ke)ZiN
SR i (©®

-k

o

+k

-N/2 -N/2 T

1+z2 1-z"

The open-loop frequency response from i .(z) to i (z)
of the hybrid current controller is given in Fig. 3. k =
0.8 and k, =0. 6 are selected here as the repetitive gains.
Obviously, the large gains are available at both the odd
and the even order harmonics. Therefore, the proposed
hybrid controller can offer a good current tracking capa-
bility for both the odd and the even order harmonics. Be-
sides, the phase of the proposed hybrid controllers is zero
at the fundamental and the harmonic frequencies by incor-
porating the phase compensating term G,(z). In order to
enhance the robustness of the system, Q(z) =a,z ' +a,
+a,z is used, where 2a, + a, = 1. It should be men-
tioned that Q(z) is a first-order low-pass filter with zero

N ®
o O

Magnitude/dB
S &

(=]

-20 R L . A
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Frequency/Hz
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x -45
~90 .
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Fig.3 Frequency response of the proposed hybrid controller.
(a) Magnitude; (b) Phase

phase shift. With the increase of a,, the value of | 1/Q
(z) || is increased, which will “push” the poles into the
unit circle and make the system more stable. However,
the gains beyond the cut-off frequency are reduced with
the introduction of the filter. Therefore, a tradeoff design
should be made between the tracking precision and the
system robustness for the low-pass filter.

2.3 Analysis of voltage loop

From a physical point of view, the output of the volt-
age loop p, can be seen as the total loss of the APF.
Therefore, the DC-link voltage is controlled to be con-
stant in the steady state to minimize the losses, and the PI
is used in the DC-link voltage controller. From Eq. (2),
the DC-link voltage can be derived as

V() = Lf"’S(t)i (1) de (7)
c - Cn . c

Obviously, due to S(f), the V (¢) in Eq. (7) is dis-
continued. Eq. (7) can be averaged in one sample inter-
val as

(V) =LD(;)f”i(t>dt (8)

c/ T, Cn " c
where <VC>T\ represents the average value of V, (7) in a
sample interval, and D () denotes the duty ratio. As-

suming that the APF is in steady-state, the compensation
current i, can be written as

i.(t) =i (t) +i,(t) =I;sin(wt) + ilchksin(ka)t)
(9)

where i, (t) and i, (t) are the fundamental frequency
and harmonic frequencies current components, respective-
ly; w is the fundamental frequency; and k denotes the k-
th order harmonic. Considering Eq. (8) and Eq. (9), it
can be found that the DC-link voltage includes not only
the fundamental term but also the harmonic terms, which
means both the fundamental and the harmonic components
contribute to the oscillation of the DC-link voltage. Prac-
tically, only the oscillation is twice that the fundamental
frequency when the power exchange between grid and
APF is considered. A low-pass filter (LPF) is designed
to reduce the effect of the second order harmonic. Fig. 4
shows the block diagram of the DC link voltage loop,
where the measured voltage is filtered before inputting to
the PI controller so that the current inner loop is less af-
fected by the DC-link voltage variation. The cut-off fre-
quency of the LPF is 60 Hz here. V,
value of the DC-link voltage.

is the reference

c_ref

V.

de_ref
V.. 0

Fig.4 Block diagram of the DC link voltage loop
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2.4 Robustness analysis

In practice, the system parameter may fluctuate. The
uncertainty of the system parameter can be written as

LF:L“+AL (10)

where L, is the real values of the converter-side inductor,
and AL is the uncertainties of the inductor. Considering
the uncertainties of system parameters, the real system
transfer function of H,(z) becomes H_ (z) :

i(z) L,

H (z) :iref(z) T (L, +AL)(z-1) +L,

(11)

The pole map with parameter fluctuation is shown in
Fig.5. It can be seen that the pole moves from the origi-
nal point to the unity circle with the increase in | AL | .
When AL < -50% L
and the system becomes unstable. According to the stabil-
ity condition of the DMRC'”" | the overall system is sta-

the pole exceeds the unit cycle

n

ble if first, the poles of H (z) are inside the unit cycle;
and secondly, 0 <k, + k., <2/(1 + &). The first condi-
tion can be fulfilled when AL= -50% L,. The second
condition can be easily achieved by selecting the repeti-
tive gains in the domain.

1.0r

0.5FAL= -60%La  AL=0

/.

AL ="-50%L,

Imaginary axis
o

_0.5) D AL=150%Ly

ATV T L '
-0.5 0 0.5 1.0
Real axis

Fig.5 Pole map of the APF system with only OSAP when the
parameter fluctuates

-1.0 :
-1.5 -1.

2.5 Improvement for suppressing high order harmonics

For the frequency response of the proposed hybrid cur-
rent controller in Fig. 3(a), the gains of harmonics de-
crease with the increase in the harmonic order. When the
harmonic frequency exceeds 1 kHz, the gains at harmon-
ics almost approach zero. In order to eliminate some spe-
cific high order harmonics in the APF system, a modified
structure of the proposed hybrid controller is proposed
with the resonant controller. The zero steady-state error
resonant control has been widely used in the synchronous-

2211 " This controller

frame control system in recent years'
can be summarized as a set of band pass filters, which
generate large gains at the selected frequency. The trans-
fer function of resonant control for selective harmonics is

illustrated as follows:

k,s
G, =

pr 2 2
neN § +wn

N=1,2,-- (12)
where w, are the selective harmonic frequencies and k, are
the control gains. The corresponding structure of the
modified controller is shown in Fig. 6 (a), which incor-
porates both the DMRC and the resonant controller. The
selective harmonic frequencies resonant controller is intro-
duced, which aims to further reduce the selective harmon-
ic contents. The transfer function of the modified control-
ler is given as

G, () =G (s) +G,(s) =

k e—\(T‘N/Z) N k e—s(T,N/2) . z kns
- ~s(TN/2 —s(TN/2 2 2
°1 eV 1 - TS+l

DMRC term Resonant term

(13)

where G, . (s) is the transfer function of the pure DM-
RC. Referring to Ref. [22], the DMRC term in Eq.
(13) can be derived as follows:

4(k, +k.) & s
NT,s © NI, &5 ta

Resonant term

koy, 2k 1
derc == (ko +?e) +

PI term

(14)

From Eq. (14), it can be seen that the DMRC term
can be divided as a PI term and an infinite resonant term.
Therefore, the differences between the pure DMRC and
the modified structure controller are the control gains of
The corresponding
control gains change from 4 (k, + k,)/(NT,) for the pure
DMRC to 4 (k, + k,)/(NT,) + k, for the modified con-
troller. Since k, is not affected by the low-pass filter

the selective harmonic frequencies.

Q(z), the magnitudes of the selective frequencies can be
increased. It is noteworthy that the performance of the
whole system can be improved with the increasing number
of resonant units, but the computational complexity will
also be increased. Fig. 6 (b) shows the open-loop fre-
quencies response with the introduction of the 15th and

Dual-mode
structure RC

Resonant
unit n

(a)

Magnitude/dB
wn
S

50 100 200 400

1000 2000
Frequency/Hz
(b)

Fig. 6 Modified current controller. (a) Block diagram; (b) Open-
loop frequency response
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the 17th resonant units. It is obviously shown that the
gains at the 15th and the 17th harmonic frequencies have
been increased effectively.

2.6 Comparative analysis

The CRC-based APF’ and the OHRC-based APF''*’
have already been proposed to improve the power quality.
Since these two methods are both internal model principle
based control, the corresponding APF can track the peri-
odic reference and reject the disturbance well. However,
the shortcomings of these two control schemes for APF
are also apparent.

First, the dynamic performance of the CRC-based APF
is not good because of the N memory cells in the feed-for-
ward channel. The CRC updates its output value every N
sample intervals, which means that the control signal will
be updated in at least one fundamental cycle. Secondly,
the even-harmonic suppression ability of the OHRC-based
APF is weak. Since the OHRC is designed only for the
odd-harmonic frequency, the even-harmonic can hardly
be eliminated by this type of the APF. Therefore, the
steady-state performance of the OHRC-based APF is lim-
ited. The hybrid control scheme proposed in this paper
overcomes the shortcomings of the two methods and
achieves good steady-state and dynamic performance.

From Refs. [22] and [23 ], it can be concluded that
the CRC and the DMRC have the controllability for DC
component, the fundamental component and different or-
der harmonics, while the OHRC can only track for the
fundamental component and the odd harmonic signals.
For the fundamental and odd-harmonic signals, the track-
ing performance of the OHRC is better than that of the
CRC when the same repetitive gains are employed, name-
ly, k, =k, (k, is the repetitive gain of the CRC). This is
due to the fact that the equivalent odd-harmonic resonant
gains of the OHRC are twice larger than those of the
CRC. Meanwhile, the equivalent resonant gains of the
DMRC is larger than those of the CRC for all the interest-
ing frequencies when k, + k, = k.. The stability domain of
repetitive gain k. for the CRC is 0 <k, <2/(1 + &),
which is the same as the stability domain of k, + k..
Therefore, compared with the CRC scheme, the DMRC
can achieve better tracking performance for both the fun-
damental and the harmonic components. Moreover, the
two repetitive gains k, and k, can be adjusted separately to
fulfill the requirement of compensation of different har-
monic contents under different conditions.

3 Experimental Verification

To verify the proposed hybrid current regulation
scheme experimentally, the laboratory setup is built and
the experiments are carried out. The experimental proto-
type of the APF is based on a Semikron AN-8005 (an H-
bridge IGBT inverter). The system configuration is the

same as the system configuration described in Fig. 1. The
single-phase shunt APF is controlled using a dSPACE
DS1104 controller card. The parameters are selected as
follows; V. =100 V, E=65 V, L, =5 mH, C, =5 500
wF, f=50 Hz, L, =3 mH, and the switching frequency
f. =10 kHz. The nonlinear load is a full-wave diode recti-
fier with C, =2 200 pF. The reactive power with the
nominal resistor is approximately zero.

First, Fig. 7(a) shows the grid current with OSAP +
CRC; Fig. 7 (b) shows the grid current of OSAP +
OHRC; and Fig.7(c) shows the grid current of the hy-
brid current controller. Fig. 8 shows the measured har-
monic spectrum of the three schemes. It is observed that
the total harmonic distortion ( THD) values are 5. 88%
and 4. 63% for OSAP + CRC and OSAP + OHRC, re-
spectively. The value is reduced to 3.35% by using the
proposed hybrid controller. Compared with the CRC ap-
proach, the steady-state performance is better and the har-
monic contents are lower for almost all the interesting

12 prorrrri 12 rr————
< 6 <6
2 f\ N Y N /’\ /\,\ )r\' N
: AT \/\/\\f : IEAWAT QWAWA
] ‘ ] AW AR I ]

S _¢l V \v/ \/ U_Gi\/ VARV, \
12675040 60 80 100 12072040 60 80 100
Time/ms Time/ms
(a) (b)

12 e
< 6 ]
% 0/'/\ /\\ /q /\ /’/\
T U
SV VNV
120750740 60 80 100
Time/ms
(c)

Fig.7 Grid current waveform after compensation. (a) OSAP +
CRC-controlled APF; (b) OSAP + OHRC-controlled APF; (c) Pro-
posed hybrid-controlled APF
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Harmonic order
(¢)
Fig.8 Harmonic content of grid current. (a) OSAP + CRC-con-
trolled APF; (b) OSAP + OHRC-controlled APF; (c) Proposed hy-
brid-controlled APF
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frequencies. Compared with the OHRC approach, the
proposed DMRC-based hybrid controller has superiority in
compensation ability since it can suppress not only the
odd order but also the even order harmonics.

Secondly, Fig.9 shows the measured transient tracking
performance of the compensation current with the OSAP
+ CRC, the OSAP + OHRC, and the proposed hybrid
control. In Fig.9(a), the OSAP + CRC starts working at
t =0.4 s. The tracking error between the reference cur-
rent and the real current is reduced from 2 to 0.3 A, and
the convergence time is about 1 s. In Fig.9(b), the OS-
AP + OHRC controller works at # = 0.4 s. The corre-
sponding tracking error is reduced from 3 to 0.3 A, and
the convergence time is about 0.6 s. In Fig.9(c), the
hybrid controller begins to work at the same time, and the
transient effect is almost the same as that of Fig.9(b). It
is obvious that the OSAP + OHRC controller and the pro-
posed hybrid controller have a better convergence rate
compared with the OSAP + CRC controller.

2 2
N N
5 1 5 1
: :
w 0 w 0
=] =
% 1 % 1
£ £
=2 1 1 1 =2 1 1 )
0.4 0.8 1.2 1.6 0.4 0.8 1.2 1.6
Time/s Time/s
(a) (b)
2
N
‘g‘ 1
)
w 0
S
%
£—1
=) i L )
0.4 0.8 1.2 1.6
Time/s
()

Fig.9 Tracking error of the compensation current. (a) OSAP
+ CRC-controlled APF; (b) OSAP + OHRC-controlled APF; (c¢) The
proposed hybrid-controlled APF

Finally, Fig. 10(a) and Fig. 10(b) show the measured
grid current with the compensation of the proposed hybrid
controller plus the 15th and the 17th order resonant units
and the corresponding harmonic content. Compared with
Fig.9(c), it is obviously seen that the contents of the

12 1 12
< 6 i 1.0
SR AT AT ATATAT LS
E o \V’ winwiwin -0
AR VRV VR Ve I
©-6 \/E SRERL LY
o orta Curremén azsmy toms T i O

“1207"20 40 60 80 100 2 S5 10 15 20

Time/ms Harmonic order
(a) (b)

Fig. 10 Measured grid current using the proposed hybrid con-
trol plus 15th and 17th order resonant units. (a) Grid current;
(b) Harmonic contents

15th and the 17th order harmonics have been reduced ef-
fectively. The THD of the grid current is further sup-
pressed with the introduction of resonant units, and the
value is 2. 23% .

4 Conclusion

In this paper, a novel hybrid current regulation scheme
is proposed for the single-phase shunt APF by integrating
the deadbeat control and the DMRC. The all-digital ap-
proach can be easily implemented and can also be extend-
ed into a three-phase APF system. It not only offers bet-
ter tracking ability for current harmonics compensation,
but also maintains good transient performance. This paper
also presents a modified structure, which incorporates the
proposed hybrid current controller and the resonant con-
troller, to further suppress some high order specific har-
monics. As analyzed in this paper, the DMRC can be re-
garded as a set of resonant controllers plus a PI term.
With the integration of the DMRC and the selective har-
monic resonant controller, the control gain at the selective
harmonic frequency can be adjusted flexibly. Additional-
ly, the relationships among different repetitive control
schemes are also shown. By the experimental results, it
is verified that the THD performance of the proposed hy-
brid controller is better than that of the OHRC + OSAP
approach, and its transient performance is better than that
of the CRC + OSAP approach. The grid current can
achieve good performance and meet the requirements of
IEEE 519 quite well.
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